Post-infarction remodelled failing hearts have reduced metabolic efficiency. Paradoxically, they have increased tolerance to further ischaemic injury. This study was designed to investigate the metabolic mechanisms that may contribute to this phenomenon and to examine the relationship between ischaemic tolerance and metabolic efficiency during post-ischaemic reperfusion.
Introduction
Hearts that are remodelled following ischaemia exhibit impaired mechanical function during both in vivo and ex vivo aerobic perfusion. 1 Previously, we investigated what energy metabolic mechanisms may contribute to the observed mechanical dysfunction and demonstrated that hearts remodelled following coronary artery ligation (CAL) are not energetically starved as they maintain comparable rates of energy substrate oxidation, rates of ATP production, and ATP contents despite lower mechanical function. Instead, post-infarction remodelled hearts are metabolically inefficient, 1 that is, remodelled hearts have adequate rates of energy substrate metabolism and ATP production, but this energy is not translated into mechanical function as efficiently as in normal hearts. Although many factors may influence cardiac metabolic efficiency (reviewed in Masoud et al. 2 ), metabolic inefficiency in remodelled hearts may be related to higher rates of proton production from glucose metabolism. This increased proton production can increase the amount of energy used for the correction of acidosis-induced dysregulation of ion homeostasis that includes Na + and Ca 2+ overload.
Based on this metabolic inefficiency, it might be expected that remodelled hearts would be more susceptible to injury following a subsequent episode of ischaemia compared with normal healthy hearts. However, several studies have provided evidence that remodelled hearts actually have a greater tolerance to ischaemia. 3 -5 In a comparison of normal and remodelled hearts perfused in the Langendorff mode, Kalkman et al. 4 reported that remodelled hearts have a lower ischaemia-induced release of lactate and purines. A similar improved tolerance to ischaemic injury in remodelled hearts was confirmed by Pantos et al. 3 who showed that a lower release of lactate dehydrogenase was accompanied by less ischaemic contracture, a higher expression of heat shock protein 70, as well as an improved recovery of mechanical function during post-ischaemic reperfusion. Both studies employed non-working Langendorff preparations, so energy metabolic mechanisms were not investigated. Less dysregulation of ion homeostasis has also been noted in remodelled hearts by Sharikabad and colleagues, 5 who reported that cardiomyocytes derived from postinfarction remodelled rat hearts exhibit less Na + and Ca 2+ accumulation than cells from normal hearts. These authors also found lower release of lactate dehydrogenase and less depletion of ATP content during a hypoxic challenge of remodelled cardiomyocytes, but the mechanistic basis of the increased tolerance has not yet been elucidated. Energy substrate metabolic rates and energy substrate preference during reperfusion of ischaemic hearts affect recovery of LV mechanical function. 6 -9 For example, acceleration of fatty acid oxidation during reperfusion inhibits glucose oxidation (the 'Randle effect'), thereby increasing the uncoupling of glycolysis and glucose oxidation leading to increased proton production. This slows the rate of recovery of intracellular pH and contributes to further accumulation of Na + and Ca 2+ overload. 6 Moreover, inhibition of glycolysis during early reperfusion limits Ca 2+ overload and improves post-ischaemic recovery of LV function. 7 This study was designed to compare post-ischaemic mechanical function in normal and remodelled hearts and to investigate the associated changes in cardiac energy substrate metabolism and metabolic efficiency. Studies were performed in mouse hearts that had undergone remodelling following CAL or a sham procedure. Hearts were isolated and perfused in working heart mode in the presence of relevant energy substrates (fatty acids, glucose, and lactate) and energy demand (workload), to assess LV mechanical work, rates of energy substrate metabolism, and metabolic efficiency.
Methods

Remodelled mouse hearts
All experimental procedures were approved by the Animal Care and Use Committee, University of Alberta. They also conform to the guidelines of the Canadian Council of Animal Care and to the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (NIH Publication No. 85-23, Revised 2011). Male C57BL/6 mice (aged 12 weeks) were subjected to either a CAL (n ¼ 17) or a sham procedure (SHAM, n ¼ 33), as described previously. 10, 11 Briefly, animals were anaesthetized with pentobarbital sodium (60 mg/kg, ip), intubated, and ventilated with 100% oxygen. A left thoracotomy incision was made to expose the heart, and the left anterior descending coronary artery was permanently ligated with a 7-0 prolene suture. The chest wall, muscle, and skin were closed in layers using 6-0 silk. Mice in the CAL and SHAM groups were maintained for a 4-week post-surgical period prior to functional and metabolic evaluation.
Assessment of cardiac function in vivo by echocardiography
Three days before ex vivo heart perfusions, animals were randomly selected from CAL and SHAM groups and anaesthetized with isoflurane (3% for induction and 1.5% for maintenance). Transthoracic M-mode echocardiography (Vevo 770, Visualsonics, Toronto, Canada) was performed to measure chamber volumes, wall thickness, and cardiac systolic and diastolic function.
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Assessment of cardiac function ex vivo
Animals were deeply anaesthetized with pentobarbital (480 mg/kg, ip), and hearts were rapidly excised and immediately placed in ice-cold KrebsHenseleit solution. The aorta was cannulated, and the heart was perfused for 10 min in the Langendorff mode (378C and 60 mmHg pressure). Following cannulation of the left atrium, hearts were perfused aerobically in the working mode 16, 17 (11.5 mmHg preload and 50 mmHg afterload) using a recirculating perfusate (100 mL) composed of (in mM) 1. C]lactate, respectively) as described previously. 18 Metabolic rates were calculated based on the grams of dry weight, which was the weight of viable tissue in CAL hearts (total ventricular weight excluding the infarct weight) and total ventricular tissue in SHAM hearts. Rates of overall ATP production were calculated from rates of metabolism of each substrate (104 for palmitate oxidation, 31 for glucose oxidation, 2 for glycolysis, and 17 for lactate oxidation).
Calculation of proton production from glucose metabolism
Hydrolysis of glycolytic ATP produces one proton per ATP, while mitochondria utilize one proton for each pyruvate molecule oxidized. As two ATPs are produced per glucose molecule and so produces two protons, the rate of proton production from glucose metabolism can be determined as [2 × (glycolysis rate -glucose oxidation rate)]. 19 
Measurements of cardiac triacylglycerol content and turnover
Frozen powdered tissues (15 -30 mg) from hearts frozen at the end of ischaemia or at the end of reperfusion were extracted in 2:1 chloroformmethanol (20-fold volume). Then methanol (0.2 volume) was added and the extract was vortexed for 30 s. The mixture was then centrifuged at 1500 g for 10 min, and the supernatant was collected. Calcium chloride (0.04%, 0.2 volume) was added to the supernatant, which was then centrifuged at 700 g for 20 min. The upper phase was removed and the interface was washed with 150 mL of pure solvent upper phase consisting of 24 mL methanol, 1.5 mL chloroform, and 23.5 mL water. This step was repeated two times and the final wash was removed. Methanol (50 mL) was then added to form one phase. The samples were then dried under N 2 at 608C and re-dissolved in 50 mL of 3:2 tert-butyl alcohol-Triton X-100/ methanol. This was followed by a colorimetric quantification of cardiac triacylglycerol (TG, represented as TG fatty acid content) with an enzymatic assay kit (Wako Pure Chemical Industries). 20 The net change in TG content (degradation or accumulation) was measured from the change in the myocardial TG content during the 15-min period of ischaemia or during the 30-min period of reperfusion and expressed as mmol TG fatty acid/min/g dry wt.
Measurements of glycogen content and turnover
Frozen powdered heart tissues (25 -30 mg) were extracted in 30% KOH and subjected to ethanol precipitation and acid hydrolysis (2 N H 2 SO 4 ). Glycogen content was expressed as mmol glucose units/g dry wt. 19 The net change in glycogen content (degradation or accumulation) was measured from the change in myocardial glycogen content during the 15-min period of ischaemia or during the 30-min period of reperfusion. 21 
Immunoblot analyses
Frozen heart ventricular tissues were homogenized, and samples were subjected to SDS -PAGE followed by transfer to nitrocellulose membranes. 21 The membranes were then immunoblotted with rabbit antibodies against phospho-AMP-dependent kinase (p-AMPK Thr172 ), AMP-dependent kinase (AMPK), peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a), glucose transporter-4 (GLUT4), lactate dehydrogenase (LDH), pyruvate dehydrogenase (PDH), hexokinase, glyceraldehyde 3 phosphate dehydrogenase (GAPDH), voltage-dependent anion channel (VDAC), glycogen synthase kinase 3b (GSK3b), phospho-glycogen synthase kinase 3b (pGSK3b), peroxisome proliferator-activated receptor a (PPARa), and sarco/endoplasmic reticulum Ca 2+ -ATPase 2 (SERCA2) (Cell Signaling Technology Inc., Danvers, MA, USA). Rabbit antibodies were used against phospho Ca 2+ /calmodulin-dependent protein kinase
long-chain acyl-CoA dehydrogenase (LCAD), b-hydroxy acyl-CoA dehydrogenase (b-HAD), and complex I subunit (NADH dehydrogenase [ubiquinone] 1b subcomplex subunit 6 (NDUFB6)). Mouse antibodies were used against phospholamban (ABCAM Inc., Cambridge, MD, USA) and GLUT1 (FabGennix Inc.). After the membranes were extensively washed, they were incubated with a peroxidase-conjugated goat anti-rabbit secondary antibody (Cell Signaling Technology Inc.) or goat anti-mouse (Bio-Rad) as appropriate. Antibodies were visualized using the Pharmaciaenhanced chemiluminescence western blotting and detection system (Amersham, UK). Densitometric analyses of immunoblots (n ¼ 3-4 per experimental group) were performed using Image J software. The most consistently expressed band in each of the Ponceau-stained membranes was used as loading control 22 since the abundance of the otherwise house-keeping proteins (actin) was altered in CAL hearts (unpublished data).
Measurement of adenine nucleotide and creatine contents
Adenine nucleotides (ATP, ADP, AMP), GTP, inosine, creatine phosphate, and creatine were separated using ultra-performance liquid chromatography (UPLC) as described previously 1 using a 2.1 × 100 mm ACQUITY UPLC HSS T3 column packed with 1.7 mm particles (Waters, Milford, MA, USA) and quantified by recording the optical density at 254 nm for adenine nucleotides and 210 nm for creatine and phosphocreatine. Calibration stock solution (0.1 M, pH 7) was prepared in 0.2 M Na 2 HPO 4 and stored at 2408C for a maximum of 3 days to minimize degradation of phosphocreatine and ATP.
Statistical analysis
Normality of data distribution was tested using the Shapiro -Wilk normality test. Normally distributed data are expressed as mean + SEM. Unpaired Student's t-test was used to compare differences between two groups, and one-way ANOVA was used to compare three or more groups. Two-way repeated-measures ANOVA was used to compare time-dependent measurements. Bonferroni post hoc test was used to provide comparison between selected pairs of data. If data are not normally distributed, they are presented as median + inter-quartile ranges. Statistical analysis of differences was then made using non-parametric methods (Mann -Whitney test to compare two groups, or Kruskal -Wallis ANO-VA to compare three or more groups followed by Dunn's post hoc test). Differences were considered significant when P , 0.05. Statistical analyses were performed using GraphPad Prism 5 (Graphpad Software Inc., CA, USA).
Results
CAL hearts have lower in vivo function
In accordance with our previously published data, 1 echocardiographic evaluation of CAL mice revealed impaired LV function relative to the age-matched SHAM group ( Figure 1) . CAL mice have lower systolic function as indicated by reduced LV% ejection fraction (%EF) and LV% fractional area change (%FAC). CAL hearts have co-existent diastolic dysfunction (higher Tei index, E/E ′ , and IVRT) and marked dilatation (as indicated by the significant increases in LV diastolic and systolic volumes and internal diameters). CAL hearts are also mildly hypertrophied [higher diastolic interventricular septal thickness (IVSd) but unaltered LV posterior wall thickness] (see Supplementary material online, Table S1 ). Ex vivo mechanical function (average LV work during aerobic perfusion, J/min/g dry wt) is 36% lower in CAL hearts than in SHAM hearts, which confirms the in vivo findings of lower systolic function. However, CAL hearts recovered to aerobic levels of LV work during postischaemic reperfusion, in contrast to SHAM hearts that show significant deterioration of LV work during post-ischaemic reperfusion (Figure 2) . When LV work during reperfusion is expressed as a percent recovery of pre-ischaemic values ( Figure 2C) , there is a significantly higher recovery of LV work in CAL hearts compared with SHAM hearts (67 + 5 vs. 49 + 5%, P , 0.05). A similar recovery of other haemodynamic parameters was also seen in CAL hearts post-ischaemia (see Supplementary material online, Table S2 ).
CAL hearts are not energy-starved during post-ischaemic reperfusion
As we reported previously, 1 CAL hearts, relative to SHAM hearts, are not energy-starved during aerobic perfusion, as indicated by similar
Tolerance to ischaemic injury in remodelled hearts rates of glycolysis, glucose oxidation, fatty acid oxidation, and lactate oxidation in the two groups ( Figure 3A-E) . Thus, the rate of ATP production from these energy substrates is similar in CAL and SHAM hearts, indicating that CAL hearts are not deficient in energy availability ( Figure 3F) . Moreover, we now show that post-ischaemic reperfused CAL hearts maintain similar rates of energy substrate metabolism to SHAM hearts, which indicates that they are also not energy-starved during reperfusion. Similarly, CAL hearts maintain comparable ATP and creatine phosphate contents to SHAM hearts during post-ischaemic reperfusion (see Supplementary material online, Table S3 ), also indicative of a lack of energy starvation. 
CAL hearts undergo less deterioration in metabolic efficiency during reperfusions
During aerobic perfusion, when normalized per unit LV work (mmol/J), CAL hearts have higher rates of glycolysis ( Figure 4A , P , 0.05, t-test) and similar rates of glucose oxidation ( Figure 4B ), a finding confirming our previous study. 1 The greater mismatch in the rates of glycolysis and glucose oxidation in CAL hearts results in a higher rate of proton production ( Figure 4C , P , 0.05). Fatty acid oxidation and lactate oxidation rates were similar in SHAM and CAL hearts ( Figure 4D -E) . CAL hearts have lower metabolic efficiency (LV work done per ATP produced, J/mmol) ( Figure 4F , P , 0.05). During reperfusion, compared with aerobic perfusion, SHAM hearts exhibit a significantly higher glycolysis per LV work ( Figure 4A ) while glucose oxidation per LV work is unchanged ( Figure 4B) , yielding a significantly higher rate of proton production per LV work ( Figure 4C) . Rates of fatty acid oxidation per LV work significantly increase ( Figure 4D) , while lactate oxidation per LV work remains similar to aerobic rates ( Figure 4E) . Accordingly, metabolic efficiency is significantly lower in reperfused SHAM hearts ( Figure 4F) .
In contrast, reperfused CAL hearts exhibit no further changes in glucose metabolism (Figure 2A and B) . Thus, proton production per LV work remains at similar levels to aerobic perfusion ( Figure 4C) . Similarly, fatty acid oxidation and lactate oxidation per LV work are comparable to values during aerobic perfusion ( Figure 4D and E) . Thus, in CAL hearts, energy substrate preference is unaltered and metabolic efficiency does not further deteriorate during post-ischaemic reperfusion ( Figure 4F ).
Endogenous substrate utilization during ischaemia and reperfusion
Compared with SHAM hearts, CAL hearts utilize less glycogen during ischaemia but accumulate less glycogen during reperfusion ( Figure 5A and B). As a result, CAL hearts produce less protons during ischaemia compared with SHAM hearts ( Figure 5C ). TG utilization is similar in CAL and SHAM hearts during ischaemia. While SHAM hearts continue to utilize TGs during reperfusion, CAL hearts accumulate TG ( Figure 5D and E), which, together with comparable LV work levels, indicates a higher metabolic efficiency in reperfused CAL hearts.
Abundance of mitochondrial markers and key metabolic enzymes
CAL hearts have a significantly higher PGC-1a protein expression (see Supplementary material online, Figure S1A ), indicative of a higher stimulus for mitochondrial biogenesis. However, the expression of markers of mitochondrial abundance, Complex 1 subunit (NDUFB6), VDAC, b-HAD, and LCAD, is comparable in CAL and SHAM hearts ( Figure 6B -E) , indicative of an unchanged mitochondrial content in CAL hearts. Expression levels of SERCA2, CaMKII, pCaMKII, and Tolerance to ischaemic injury in remodelled hearts phospholamban are also similar in CAL and SHAM hearts ( Figure 6F-H ) , suggesting the absence of abnormalities in Ca 2+ handling. Similarly, the expression of PPARa, PDH, hexokinase, GLUT1, GLUT4, GSK3b, pGSK3b, LDH, and GAPDH is similar in CAL hearts, supporting the lack of major changes in metabolic rates in CAL hearts compared with that in SHAM hearts (see Supplementary material online, Figure S1A -I). Similarly, AMPK activity (pAMPK/tAMPK) is similar in CAL and SHAM hearts at each time point ( Figure 7A ). As expected, AMPK activity is higher in both SHAM and CAL hearts at the end of ischaemia ( Figure 7A ), but it recovered during reperfusion.
Discussion
A number of major findings are demonstrated in this study. Confirming previous studies, we demonstrate that hearts remodelled following a CAL are not energy deficient, but rather have a lower metabolic efficiency. Of importance, we provide the novel observation that hearts remodelled following CAL exhibit less deterioration of mechanical function during post-ischaemic reperfusion. Despite lower metabolic efficiency during aerobic (pre-ischaemic) conditions, remodelled hearts maintain similar levels of metabolic efficiency during reperfusion. In contrast, normal hearts exhibit a marked deterioration of mechanical function and metabolic efficiency during reperfusion following ischaemia. Recovery of cardiac energy metabolism was not compromised in either normal or remodelled hearts following ischaemia. However, there is a significant attenuation of glycogen utilization in remodelled hearts during ischaemia, resulting in a lower rate of proton production during ischaemia in the remodelled hearts. This decrease in proton production in remodelled hearts compared with normal may explain the improved tolerance to ischaemic injury in the remodelled hearts. While there are numerous studies of energy substrate metabolism and reperfusion injury in normal hearts, few have addressed the relationships between metabolism and post-ischaemic function in hearts remodelled following myocardial infarction. To create an experimental model of the remodelled heart, we produced a permanent ligation of the coronary artery in mice, followed by a 4-week post-surgical period during which a mature scar formed and LV dysfunction developed. The examination of LV mechanical and metabolic function during isolated working heart perfusion enabled comparisons of normal and remodelled hearts under controlled conditions of energy substrate availability and workload and so provided an appropriate assessment of metabolic efficiency, a measure of LV work produced per unit ATP produced (J/mmol). In our model, LV mechanical dysfunction during the 60-min period of reperfusion following global ischaemia (18 min) is mainly Figure 4 Metabolic rates per LV work of SHAM and CAL hearts. Glycolysis, glucose oxidation, and calculated proton production are shown in A-C (SHAM, n ¼ 16; CAL, n ¼ 7). Fatty acid oxidation (D; SHAM, n ¼ 15; CAL, n ¼ 10) and lactate oxidation (E; SHAM, n ¼ 15; CAL, n ¼ 9) are also shown. Values for calculated metabolic efficiency are shown in F. Since data are not normally distributed, they are represented by box and whisker graphs. Medians are shown as a transverse line crossing the boxes. The upper and lower ends of the box represent the 75 and 25% quartiles, respectively. The upper and lower whiskers represent the 95th and 5th percentiles, respectively. *Differences are considered significant when P , 0.05. due to reversible injury (stunning) as the release of LDH or troponin I, indicative of irreversible injury (infarction), is not detectable under these conditions (unpublished data).
Post-infarction remodelled hearts exhibit a marked deterioration of mechanical function. 1 We previously showed that CAL hearts are not energy-starved since they maintain comparable adenine nucleotide contents to SHAM hearts, and the reduction in ATP production rates from fatty acid, glucose, and lactate metabolism in these hearts does not match the deterioration of mechanical function. Thus, there is a significant reduction of metabolic efficiency (i.e. inefficient utilization of ATP for generation of external mechanical work) in the CAL hearts during aerobic perfusion. 1 We also showed that this may be due to increased proton production per LV work as a result of increased mismatch between glycolytic flux and glucose oxidation rates 1 that may lead to a diversion of ATP from contractile work towards correction of ion homeostasis. The demonstration in this study that CAL hearts maintain similar metabolic rates to SHAM hearts during aerobic perfusion confirms our previous finding that CAL hearts are not energy-starved 1 but instead develop metabolic inefficiency. In addition to confirming our previously published data, we now demonstrate that following ischaemia and reperfusion, CAL hearts maintain comparable rates of energy substrate metabolism to reperfused SHAM hearts. This excludes the possibility of a change in energy substrate preference as a contributor to the observed lower functional deterioration in reperfused CAL hearts. Indeed, the finding that CAL hearts maintain similar metabolic rates per LV work during reperfusion as during aerobic ) confirms better ischaemic tolerance and maintained reperfusion metabolic efficiency in CAL hearts. These findings are in accordance with previously published reports highlighting a better ischaemic tolerance in remodelled post-infarction hearts as indicated by reduced release of purines and lactate, 4 less ischaemic contracture, and less lactate dehydrogenase release. 3 Similarly, cardiomyocytes derived from post-infarction remodelled hearts exhibit lower decreases in ATP levels and less release of lactate dehydrogenase following hypoxia re-oxygenation. 5 In contrast to CAL hearts, reperfused SHAM hearts exhibit a significant increase in glycolytic flux per LV work that is not matched by a corresponding increase in the rate of glucose oxidation, resulting in increased proton production per LV work. This finding, together with a significant increase in reperfusion fatty acid oxidation rate per LV work, contributes to the deteriorating metabolic efficiency during reperfusion of SHAM hearts. These findings are also in accordance with previous published data showing that during post-ischaemic reperfusion, normal mouse hearts exhibit a marked deterioration of oxidative metabolism. This augments the mismatch between glycolytic flux and glucose oxidation rates, resulting in lactate accumulation. 8,23 -26 Meanwhile, protons derived from the hydrolysis of glycolytically produced ATP accumulate, increasing intracellular acidosis. 6 The subsequent activation of the Na + -H + exchanger causes Na + accumulation, 27 which, in turn, activates reverse mode Na + -Ca 2+ exchange leading to Ca 2+ overload. 28 To correct Na + and Ca 2+ overload, more ATP is diverted towards ionic homeostasis than to mechanical function. This is expected to lead to deterioration of metabolic efficiency associated with a significant deterioration of mechanical function (reviewed in Ref.
2). A higher abundance of mitochondria in CAL hearts is a potential mechanism for the finding that CAL hearts, compared with SHAM hearts, do not show further deterioration of metabolic efficiency during reperfusion. Although higher expression of PGC-1a (which stimulates mitochondrial biogenesis) is observed in CAL hearts, this did not translate into increase in mitochondrial abundance of enzymes such as Complex 1 subunit (NDUFB6), VDAC, bHAD, or LCAD. Moreover, protein expression of key enzyme regulators of oxidative metabolism is similar in CAL and SHAM hearts. Nevertheless, the increased level of PGC-1a expression in CAL hearts may have contributed to the maintenance of mitochondrial mass and oxidative capacity in the remodelled viable tissue. Thus, it is unlikely that the better functional recovery and maintained metabolic efficiency during reperfusion of remodelled hearts are due to alterations in mitochondrial abundance.
Improved calcium handling is another potential mechanism for the absence of functional deterioration during reperfusion of CAL hearts. If present, it may contribute to reduced post-ischaemic contracture and more efficient utilization of ATP for external mechanical work. However, the absence of changes in the calcium handling proteins, SERCA2, CaMKII, and phospholamban, suggests the presence of other contributing factors to the observed absence of post-ischaemic functional deterioration in CAL hearts.
A third potential explanation of the observed better functional recovery following ischaemia and maintained metabolic efficiency in CAL hearts is a decrease in intracellular acidosis and Na + and Ca 2+ overload during ischaemia. A major contributor to the development of acidosis during ischaemia is the incorporation of glycogenolysisderived glucose-6-phosphate into anaerobic glycolysis producing lactate and protons. The finding that CAL hearts exhibit significantly lower ischaemic glycogenolysis compared with SHAM hearts suggests that CAL hearts have a reduced metabolic demand during ischaemia. Moreover, this suggests that there is lower ischaemic production of lactate and protons in CAL hearts. Evidence to support this hypothesis comes from the finding that recovery of intracellular pH in reperfused hearts is delayed if the rates of glycolytic flux are not matched with glucose oxidation and that improving the coupling enhances the recovery of intracellular pH and improves both mechanical function and cardiac efficiency. 6 In fact, many interventions that inhibit glycolytic flux during early reperfusion are cardioprotective. Omar et al. 7 showed that diverting glucose metabolism towards glycogen synthesis rather than to glycolytic flux reduces proton production, limits Ca 2+ overload, and improves recovery of post-ischaemic mechanical function. Similarly, other cardioprotective interventions such as adenosine 16 or ischaemic preconditioning 29, 30 reduce glycogen utilization and inhibit glycolytic flux. The demonstration that CAL hearts utilize less glycogen than SHAM hearts during ischaemia and the fact that glycogen utilization feeds into anaerobic glycolysis suggest that CAL hearts have lower proton accumulation at the end of ischaemia. This lower stimulus for Na + and Ca 2+ accumulation during early reperfusion is expected to contribute to the lack of further deterioration in mechanical function and the lower deterioration in metabolic efficiency. Attenuation of rates of glycogenolysis during ischaemia has been noted with some cardioprotective interventions such as ischaemic preconditioning and adenosine 29, 31 as well as with lower rates of ATP catabolism. 32 Indeed, the findings that CAL hearts have lower rates of glycogenolysis during ischaemia and preserved ATP contents during reperfusion suggest that the improved ischaemic tolerance of remodelled hearts may mimic some of the mechanisms involved in ischaemic preconditioning. Furthermore, the demonstration that preconditioning mechanisms are already activated in remodelled hearts may explain the failure of additional preconditioning interventions to achieve functional benefits in remodelled hearts. 33 -35 AMPK is a known regulator of glycogen turnover. 36, 37 Previous study by Jaswal et al. 36 showed that AMPK inhibition at post-ischaemic reperfusion of rat hearts shifts glucose metabolism towards glycogen synthesis. The inhibition of glycogenolysis and subsequent reduction of glycolytic flux rates improve coupling between glycolytic flux and glucose oxidation rates. This, in turn, reduces reperfusion proton production and is associated with a better functional recovery. We studied the expression and activation of AMPK at different perfusion time points. The demonstration that CAL hearts exhibit similar pattern of ischaemic Tolerance to ischaemic injury in remodelled hearts
